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Purpose: To study the in vitro and in vivo antibacterial activities of polymyxin B (PB) and
other five antimicrobial agents, including imipenem (IMP), meropenem (MEM), tigecycline
(TGC), sulbactam (SUL), and rifampicin (RIF), alone or in combination against carbapenem-
resistant Acinetobacter baumannii (CRAB).

Methods: Microbroth dilution method was used to determine the minimum inhibitory
concentration (MIC) of ten strains of CRAB against six antibacterial drugs, and the checker-
board method was used to determine the fractional inhibitory concentration index (FICI).
A mouse pneumonia model was established by intranasal instillation of Ab5075 to evaluate
the antibacterial activity in vivo.

Results: The resistance rate of ten CRAB strains to IMP, MEM, and SUL was 100%, that to
PB and TGC was 0%, and that to RIF was 20%. When PB was used in combination with the
other five antibiotics in vitro, it mainly showed synergistic and additive effects on CRAB.
The synergistic effect of PB and RIF was maximal, followed by MEM and IMP but was
weak with SUL and TGC. In vivo, compared to the model group (untreated with antibiotics),
treatment group (six antibiotics alone and PB combined with the other five antibiotics)
reduced the bacterial load in the lung tissue and the serum inflammatory factors (IL-1pB,
IL-6, and TNF-a). The bacterial load and the inflammatory factors of the combined group
decreased significantly than that of the single group (P<0.05). The IL-6 and TNF-a values of
the PB combined with the RIF group were significantly lower than the two drugs used
individually.

Conclusion: The combination of PB and IMP, MEM, and RIF exerted robust in vitro
synergistic effects on CRAB isolates. The combination of PB and the other five antimicrobial
agents had a better effect in the mouse pneumonia model than single agent, while the
combination of PB and RIF had the best effect.

Keywords: Acinetobacter baumannii, carbapenem-resistant, pneumonia infection model,
polymyxin B, combination treatment

Introduction

Acinetobacter baumannii (A. baumannii) is one of the most important pathogens in the
21st century. It is a major pathogen of nosocomial infection outbreak in the intensive
care unit (ICU), with a high mortality rate. World Health Organization (WHO)
classifies carbapenem-resistant Acinetobacter baumannii (CRAB) as one of the key
pathogens on the global list of antibiotic-resistant bacteria to guide the research and

development of new antibiotics." It can easily develop resistance to various antibiotics,
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which is related to increased risk of clinical treatment fail-
ure, prolonged hospital stay, and high healthcare costs.”
Approximately 500,000 individuals die from drug-resistant
infections worldwide every year. Some studies have esti-
mated that by 2050, antibiotic resistance will cause >
10 million deaths and that the global annual related health-
care costs would exceed 300 billion.”> Zhou et al reported an
outbreak of A. baumannii resistant to imipenem (IMP) in
their hospital.* The development of multidrug and pandrug
resistance of A. baumannii and the emergence of global
strains is a major global concern. A. baumannii is the most
famous “superbug” in China, causing ventilator-associated
pneumonia (VAP), bloodstream infection, abdominal infec-
tion, central nervous system infection, urinary system infec-
tion, and skin and soft tissue infection.>®

Currently, the treatment of CRAB is rather challen-
ging. Previously, carbapenem antibiotics were the first
choice of treatment for A. baumannii infection. Both
meropenem (MEM) and IMP were approved for VAP
treatment.’ However, the increased incidence of multi-
drug-resistant (MDR) strains has led to the use of non-
traditional antibiotics.®> Polymyxin B (PB) and tigecy-
cline (TGC) are the last lines of defense for CRAB
treatment.'®"! The US Food and Drug Administration
(FDA) has approved the use of TGC to treat complex
skin infections, intra-abdominal infections, and commu-
nity-acquired pneumonia caused by MDR 4. baumannii
(MDRAB), including CRAB.'" However, the clinical
application of these drugs is limited due to the lack of
large-scale clinical studies, the high cost of TGC, and the
potential nephrotoxic effects of polymyxin. Sulbactam
(SUL) is a serine B-lactamase inhibitor that does not
inhibit any carbapenemases but shows inherent activity
against A. baumannii because of its selective affinity for
(RIF) s
a commonly used drug with antibacterial effects on both

penicillin-binding  proteins.'>  Rifampicin
Gram-positive and Gram-negative bacteria. However, it
should not be used alone because a study in a mouse
model of A. baumannii-caused pneumonia showed that
monotherapy leads to antibiotic resistance after 24h.'*'*
Thus, adding another antibiotic to RIF is necessary to
prevent the development of drug resistance.'* Therefore,
some prohibited and old drugs should be re-evaluated,
and novel combinations of existing drugs may be effec-
tive in the treatment of CRAB.

In 2013, Harris et al successfully established a mouse
pneumonia model using a clinical strain of highly virulent

A. baumannii."® Several recent studies have evaluated the
in vivo effect of combination therapy on 4. baumannii -
induced pneumonia using various methods.'®'” Herein,
we established the pneumonia infection model in immu-
nodeficient mice by intranasal instillation of highly viru-
lent strain Ab5075 and studied the in vivo efficacy of PB
combined with IMP, MEM, TGC, SUL, and RIF in the

mouse model of A. baumannii pneumonia.

Materials and Methods

Strains

A total of nine CRAB strains and one highly virulent strain
Ab5075 were isolated from clinical patients. In order to
represent the strains from various clinical sources, the nine
CRAB strains were derived from different body parts (includ-
ing respiratory tract, blood, cerebrospinal fluid, pleural and
ascites, and secretions) and various departments (including
intensive care unit (ICU) and general wards). Ab5075 was
a kind gift from Professor Yu Yunsong of Sir Run Shaw
Hospital of Zhejiang University, Zhejiang Province, China.
Pseudomonas aeruginosa ATCC 27853 and Escherichia coli
ATCC 25922 were used as control strains, stored at the Anhui

Center for Surveillance of Bacterial Resistance.

Experimental Drugs

IMP, MEM, and RIF were purchased from Beijing Solarbio
Technology Co., Ltd (Beijing, China). TGC and SUL were
purchased from Shanghai Yuanye Biotechnology Co., Ltd
(Shanghai, China), and PB was procured from Sigma-
Aldrich (Munich, Germany). All antibiotics except RIF
were prepared in sterile water and diluted to final concentra-
tions with cation-adjusted Mueller-Hinton broth (CaMHB).
RIF was reconstituted in dimethyl sulfoxide (DMSO) and
serially diluted to the desired concentration in sterile water
before being diluted to the final concentration with CaMHB.
The final concentration in DMSO (<1%, vol/vol) did not
affect the bacterial growth.

Experimental Animals

All specific pathogen-free BALB/c female mice (weight
16-18 g, age 6-8 weeks) were bred at 20-25 °C and
humidity 50+5%. All experiments involving mice were
performed in accordance with the guidelines of the
Institutional Animal Care and Use Committee of Anhui
Medical University (No. LLSC20200224).
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Antibiotic Susceptibility Tests

According to the microbroth dilution method recom-
mended by the Clinical and Laboratory Standards
Institute (CLSI) in 2019,'® the minimum inhibitory con-
centration (MIC) of ten strains of A. baumannii was deter-
mined against six antibacterial drugs. According to the
multiple dilution method, a series of antimicrobial solu-
tions with decreasing concentration gradient was obtained
in each row of the 96-well plate. A volume of 100ul/well
bacterial suspension with 5x10° colony-forming unit
(CFU)/mL prepared in CaMHB was inoculated in 96-
well plates. Also, positive control (only bacterial liquid)
and negative control (only CaMHB) were added. After the
sample was added, the plate was incubated at 37 °C for
16-20 h. Due to the lack of a standard for the MIC break-
point of TGC against Acinetobacter on CLSI, we referred
to the FDA standard for TGC against E. coli."”

Checkerboard Assays

A microdilution method associated with checkerboard was
used to detect the in vitro antibacterial activity of PB
combined with the other five antibacterial drugs. The
final concentration range of each antimicrobial drug varied
based on the MIC of each strain. The concentration of the
final bacterial suspension was adjusted to 5x10° CFU/mL
in a 100 uL final volume. The assay was performed in
triplicate for each isolate. The fractional inhibitory con-
centrations index (FICI) was used to evaluate the syner-
gistic effect of two antibacterial drugs. FICI=MIC, drug
combination/MIC,  drug single usetMICg drug
combination/MICy drug single use. FICI<0.5 is defined
as synergy; 0.5<FICI<1 is defined as an addition;
1<FICI<4 is defined as irrelevant; FICI>4 is defined as

antagonism.>’

Mouse Model of CRAB Pneumonia

Because 4. baumannii is a conditional pathogen, most of
the strains have weak virulence. Therefore, we selected the
highly virulent strain Ab 5075 to establish a stable pneu-
monia model through intranasal infection of mice. After 1
week of adaptation, mice with transient neutropenia were
induced by intraperitoneal injection of cyclophosphamide
(300 mg/kg body weight) in a volume of 0.2 mL 4 days
before infection with A. baumannii. The intraperitoneal
injection of chloral hydrate was administered in
a volume of 0.08-0.1 mL at a concentration of 100 mg/

mL. After deep anesthesia, the mice were inoculated

intranasally with 5x10” CFU/mL Ab5075 bacterial sus-
pension of 1.2 mL/kg?' After standing vertically for 4
min, the mice were maintained at a 30° recumbent position
until they regained consciousness.

Study Groups and Treatment Protocol
The mice were divided into three groups. The control
group was not inoculated with bacteria, the model group
was inoculated with bacteria and not treated, and the
treatment group was treated after the inoculation of bac-
teria. The treatment group was divided into 11 subgroups,
with 6 mice in each subgroup: PB, IMP, MEM, TGC,
SUL, RIF, PB + IMP, PB + MEM, PB + TGC, PB +
SUL group, PB + RIF. Mice were administered 4 h after
the infection, and the treatment groups were administered
intraperitoneal injections of 0.2 mL of the antibacterial
drugs. The specific dose and frequency of each drug
were as follows: IMP, 40 mg/kg, Q8h; MEM, 20 mg/kg,
Q8h; TGC, 5 mg/kg, Q12h; SUL, 40 mg/kg, Q8h; RIF,
10 mg/kg, QD; PB, 1.5 m/kg, Q8h. These doses were
selected according to previous pharmacokinetic and phar-
macodynamic data from experimental models.?>** Groups
A and group B were injected 0.2 mL of sterile normal
saline subcutaneously at the same time.

Observation Indicators

The body weight changes and clinical scores of mice were
recorded. The clinical scores of each mouse were 0 (nor-
mal, active, healthy), 1.0 (slightly ill and slightly wrinkled
fur), 2.0 (sick, wrinkled fur, slow movement, hunchback),
3.0 (very uncomfortable, wrinkled fur, very slow move-
ment, hunchback, and close eyes), 4.0 (dying), and 5.0
(death).*

Pathological examination of the lung revealed that the
mice in the model group were autopsied at 4, 24 and 48
h after inoculation, and the mice in the treatment group
were autopsied after 48 h of treatment. The whole left lung
of the mouse was excised aseptically, and the pathological
diagnosis was pneumonia. After the sterile lung specimens
were fixed with 10% formaldehyde for 24 h, the left lung
tissue was dehydrated, transparent, soaked in wax, and
embedded using conventional methods. Then, 5-mm-
thick sections were stained with hematoxylin-eosin and
observed under a light microscope.

Lung histopathology under a light microscope: the
general observation of lung tissue (color, mass, volume,
bleeding point, exudate), infiltration of lymphocytes and
inflammatory cells under and around bronchial mucosa,
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and exfoliation and proliferation of small airway
epithelium.

Lung colony count: The lung tissues of the model group
were excised 48 h after inoculation, and those of the treat-
ment group were taken out after 48 h of treatment. The lungs
were excised, weighed, and homogenized in 1 mL saline.
The original solution was diluted continuously five times
with normal saline, and then with different concentrations of
diluent (10 mLx3) were dispensed on the agar plate and
placed at 37 °C for 12 h. The data are expressed as means
+standard deviation (SD) logl10 CFU/g lung.

Mouse serum inflammation index measurement: Whole
blood was obtained by mouse eyeball enucleation method,
and serum was collected after centrifugation. The mice in
the model group obtained whole blood by removing the
eyeballs 48 h after infection, and the mice in the treatment
group obtained whole blood by removing the eyeballs 48
h after the treatment. Enzyme-linked immunosorbent assay
(ELLSA) measured the values of serum inflammatory
indexes: IL-6, IL-1B, and TNF-a.

Statistical Analysis

The statistical results were analyzed using SPSS 20.0 soft-
ware. Continuous variables are expressed as X + s and group-
ing variables are expressed as percentages. Compared to the
mean value of continuous variables of normal distribution,
t-test was used in the two groups, and a bilateral test was used
in all tests. P<0.05 indicated statistical significance.

Results

Antibiotic Susceptibility Tests

The results showed that ten CRAB strains tested in this
study were resistant to IMP, MEM, and SUL (resistance
rate: 100%) and sensitive to TGC and PB (sensitivity rate:
100%). CRAB is 80% sensitive to RIF. The MICs of six
single drugs against ten strains are shown in Table 1.

In vitro Antibacterial Activity of

Antimicrobial Agents in Combination

The results showed that PB combined with the other five
antibiotics showed synergistic and additive effects on
CRAB with little irrelevant effect and no antagonistic
effect on CRAB. The synergistic effect of PB and RIF
was maximal (8/10), followed by MEM and IMP (6/10
and 5/10, respectively), and a weak synergistic effect of
SUL and TGC (3/10 and 1/10, respectively) (Table 2).

Table | MIC of Ten Carbapenem-Resistant Acinetobacter bau-
mannii Against Six Antibacterial Drugs

MIC (ug/mL)?
Strains IMP MEM TGC SUL RIF PB
0l 16 16 0.25 32 2 0.0625
02 64 64 | 16 4 0.125
03 32 16 | 32 2 0.125
04 32 32 0.5 16 2 0.125
05 32 32 0.5 64 4 0.25
06 32 32 0.25 32 2 0.0625
07 128 64 [ 64 [ 0.0625
08 32 64 0.5 32 [ 0.125
09 32 32 0.5 32 2 0.0625
5075 16 16 0.25 64 2 0.0625

Notes: “Susceptibility breakpoints (ug/mL) were as follows: IMP, susceptible <2,
resistant 28 (according to Clinical and Laboratory Standards Institute (CLSI, 2019)
criteria); MEM, susceptible <2, resistant 28 (CLSI); TIG, susceptible <2, resistant 28
(Food and Drug Administration); SUL, susceptible <4, resistant 216 (CLSI); RIF,
susceptible <2, resistant 24 (according to Working Party Report of BSAC); PB,
susceptible <2, resistant 24 (CLSI).

Abbreviations: MIC, minimum inhibitory concentration; IMP, imipenem; MEM,
meropenem; TIG, tigecycline; SUL, sulbactam; RIF, rifampicin; PB, polymyxin B.

In vivo Antibacterial Activity of
Antimicrobial Agents

General Situation of Modeling Mice

After intranasal infusion of 4. baumannii for 4 h, no
significant change was detected in the state of mice.
However, after 24 h, the model group showed pathological
changes such as decreased body temperature, decreased
appetite, slow movement, and hair wrinkles. Compared to
the control group, significant differences were observed in

Table 2 FIC| of PB Combined with IMP, MEM, TGC, SUL, and
RIF

FICI
Strains | PB + PB + PB + PB + PB +
IMP MEM TGC SUL RIF
ol 0.75 0.75 0.56 | 0.56
02 0.75 | 0.56 0.38 0.5
03 0.5 0.5 | 1.06 0.5
04 0.38 0.38 1.06 0.75 0.5
05 0.31 0.38 0.56 0.5 0.19
06 0.5 0.31 0.75 0.28 031
07 0.56 0.56 2 0.75 0.5
08 0.63 0.31 | 1.06 0.56
09 0.31 0.19 0.31 0.56 0.31
5075 0.75 0.56 1.06 | 0.31

Abbreviations: PB, polymyxin B; IMP, imipenem; MEM, meropenem; TIG, tigecy-
cline; SUL, sulbactam; RIF, rifampicin.
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Table 3 Comparison of Body Weight and Clinical Scores of Mice
in the Control Group (Not Inoculated with Bacteria) and Model
Group (Inoculated with Bacteria but Did Not Receive
Antibacterials) 24 h and 48 h After
Acinetobacter baumannii

Inoculation  with

Group Weight | Weight | Clinical Clinical
(24 h) (48 h) Scoring (24 Scoring (48
h) h)

Control | 18.24 18.41 0.6£0.5 0.8+0.4
group +1.74 +1.79

Model 16.33 1476 24%15 33£15
group +1.33 +1.21

P 0.027 0.002 0.004 0.002

the body weight, and clinical score detected at 24 and 48
h between groups A and B (P<0.05; Table 3).

Pathological Changes in the Pneumonia Model Before
and After Drug Treatment

The microscopic structure of the lung tissue section of the
mouse is shown in Figures 1-3. In the model group, the
alveolar structure was disordered, the alveolar wall was
broken, the alveolar cavity fusion was enlarged, a large

LU e
model group (24h)

number of macrophages and neutrophils infiltrated the
alveoli, and there were secretions in some alveolar cav-
ities after nasal inoculation. The degree of inflammation
in the treatment group was significantly less than that in
the model group. Compared to the corresponding mono-
therapy group, the combination group had fewer inflam-
matory cells and less exudate.

Lung Colony Count
Table 4 shows the bacterial load in the lungs of each
group. The pulmonary bacterial load in the treatment
group was significantly lower than that in the model
groups except for PB, TGC, and PB+TGC (P<0.05).
Compared to antibiotics alone, the bacterial load
decreased in the combination group. Interestingly, signifi-
cant differences were detected in the lung colony count
between PB+MEM and PB+RIF groups compared to the
drug group (P<0.05). Also,
a significant difference was noted in the pulmonary bacter-
ial load between the PB+IMP and PB groups (P< 0.05).

corresponding  single

Serum Inflammatory Index
The index value of the serum inflammatory factors (IL-1 3,
IL-6, and TNF-0) in the model group was significantly

model group (48h)

Figure | Pulmonary histopathology of control group and 4 h, 24 h and 48 h after infection in the model group (hematoxylin-eosin staining, x200). Control group: not
inoculated with bacteria; model group (4 h): 4 h after infection in the model group; model group (24 h): 24 h after infection in the model group; model group (48 h): 48

h after infection in the model group.
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Figure 2 Pulmonary histopathology of the monotherapy group after 48 h of treatment (hematoxylin-eosin staining, x200).
Abbreviations: PB, polymyxin B; IMP, imipenem; MEM, meropenem; TIG, tigecycline; SUL, sulbactam; RIF, rifampicin.

Figure 3 Pulmonary histopathology of PB combined group after 48 hours of treatment (hematoxylin-eosin staining, X200).
Abbreviations: PB, polymyxin B; IMP, imipenem; MEM, meropenem; TIG, tigecycline; SUL, sulbactam; RIF, rifampicin.
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Table 4 Comparison of Bacterial Load in the Lungs of Mice and Serum Inflammatory Index of Mice Between Groups

Group Bacterial Load (logl0 CFU/g) IL-1B (pg/mL) IL-6 (pg/mL) TNF-a (pg/mL)
Control group 0 85.05+4.63 50.19+3.89 292.05+19.04
Model group 6.55+0.53 130.605.41 79.85+11.21 596.03+37.36

PB 5.95+0.72 107.73£12.79* 68.93+14.08 494.50+67.72*
IMP 5.12+0.80* 103.74+9.65 72.57+6.02 537.35+40.16°
MEM 5.54+0.84* 107.58+7.37° 69.56+7.92 531.58+20.63°
TGC 6.15£0.49 115.43+9.93 63.20+7.77° 510.47423.16
SUL 5.61£0.35* 108.75+17.46* 78.51+7.81 490.84+80.41*
RIF 471+0.92 115.80+4.47° 65.006.14° 526.57+34.15°

PB + IMP 427+1.51%° 99.18+10.10* 69.52+13.44 506.26+83.63°

PB + MEM 3.56+0.57%¢ 98.39+3.63° 67.32+6.51° 502.3658.41°

PB + TGC 5.86+0.52 101.58+5.26™ 66.09+8.10° 526.98+32.29°

PB +SUL 5.79+0.14* 97.43+15.54* 71.60+9.43 465.08+70.71*

PB + RIF 3.01£036> > © 102.58+13.12* © 55.02+5.24 > © 405.55+41.52> > ©

Notes: Control group: not inoculated with bacteria; model group: inoculated with bacteria but did not receive antibacterials. *The difference between the subgroups in the
treatment group and the model group s statistically significant (P<0.05); ®the difference between PB group and PB combination group was statistically significant (P<0.05);
“the difference between IMP, MEM, TGC, SUL, RIF group and PB combination is statistically significant (P<0.05).

Abbreviations: PB, polymyxin B; IMP, imipenem; MEM, meropenem; TIG, tigecycline; SUL, sulbactam; RIF, rifampicin.

higher than that in the control group (P<0.05). Compared
to the model group, the values of serum inflammatory
factors were significantly decreased in the treatment
group (P<0.05). The combination group compared to the
single-drug group in the values of IL-1B did not show
a significant difference except between the PB+TGC and
TGC groups (P< 0.05) and between PB+RIF and RIF
groups (P<0.05). The values of IL-6 and TNF-a were
significantly lower in PB + RIF group than those in PB
and RIF groups (P< 0.05). The inflammatory indexes of
the other combination groups were decreased, but no sig-
nificant difference was detected between the combined
group and the corresponding single drug group (P>0.05)
(Table 4).

Discussion

In recent decades, the number of infections caused by
antibiotic-resistant bacteria has increased rapidly, and
hence, there is an urgent need for new therapeutic targets
and antimicrobials. The decrease in sensitivity to these
drugs might be related to the widespread clinical use of
antibiotics. 4. baumannii is becoming a major pathogen
with the ability to cause nosocomial infection.?’
Previously, carbapenem was the most commonly used
antibiotic in the treatment of 4. baumannii infection.
However, carbapenem-resistant strains are increasing
worldwide. Therefore, carbapenem monotherapy is not
a treatment option for serious infections caused by drug-
resistant A. baumannii. Therefore, several national and

international programs have been implemented, including
the EU innovative Medicine Initiative (IMI), the Joint
Antimicrobial Resistance Planning Initiative (JPIAMR),
and Spain’s National Drug Resistance Plan (PRAN).?
The proposed strategy was to combine two or more
known antimicrobial agents to increase their antibacterial
activity compared to their single antimicrobial agents.
Another advantage of this method is to avoid or minimize
the occurrence of drug-resistant mutants. The combina-
tion therapy of polymyxin and other antibiotics has
a synergistic effect on the resistant strains of
A. baumannii by increasing the killing rate of bacteria
and reducing drug resistance. Some studies also investi-
gated the effects of previously used antibiotics and che-
mically modified antibiotic conjugates, such as
cephalosporin, a f-lactam antibiotic, and found synergis-
tic antibacterial activity.?”*®

A review highlighted the potential clinical utility of
combining non-antibiotic FDA-approved drugs with anti-
biotics such as polymyxin B for the treatment of XDR
bacterial infections.”” Hirsch et al observed a lower clin-
ical success rate when the polymyxins were used as mono-
therapy but a higher rate when used in combination.*
A randomized controlled trial studied the use of colistin
alone vs colistin plus meropenem for the treatment of
severe infections caused by carbapenem-resistant Gram-
negative bacteria. No significant difference was observed
between colistin monotherapy and combination therapy
with respect to clinical failure at 14 days after
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randomization.  Nonetheless, combination therapy
decreased the incidence of mild renal failure.*' Our
study showed that A. baumannii is sensitive to PB
(MICyq: 0.125 ug/mL), TGC (MICqq: 1 ug/mL), and RIF
(MICyp: ug/mL). The combination experiment showed
that the synergistic effect of PB and RIF was the strongest,
followed by MEM and IMP and weak with SUL and TGC.
Intriguingly, the combination based on PB did not exert
any antagonistic effect.

Some antimicrobials could not inhibit or kill bacteria
but may enhance the combined antibacterial activity of
other antimicrobials. On the other hand, some antimicro-
bial agents that can inhibit or kill bacteria may quickly
develop drug resistance, require high doses, and be toxic.
PB and TGC have good antibacterial activity against
A. baumannii. PB inhibits bacterial growth by increasing
membrane permeability.>> However, because of nephro-
toxicity and neurotoxicity, PB is best used in clinical
practice to reduce the dose to decrease the toxicity. TGC
is a novel glycyl prostacyclin antimicrobial agent, which
acts on 30S ribosomal subunit to inhibit bacterial protein
translation and prevent amino acids from merging and
prolonging peptide chains. These antibacterial effects
regulated by varied factors include drug-resistant nodule
cell division (RND)-type transporters and other efflux
pumps, with a wide range of activities against Gram-
positive and Gram-negative bacteria.*> Randomized trials
have shown that TGC alone may increase the risk of death,
further suggesting that TGC is best used in combination
therapy.®* RIF is a safe, effective, and economical drug
widely used in the clinic. It reduces the cost of treatment
and improves the inhibitory activity against MDRAB.

BALB/c strain (inbred strain) mice are susceptible to
pneumonia.®> In this study, we used BALB/c mice to
establish a model of A. baumannii pneumonia using intra-
nasal instillation of the highly virulent type Ab5075.
Before the establishment of the model, cyclophosphamide
was used to reduce the neutrophils of mice, resulting in an
immune deficiency in mice. After nasal drip of bacterial
solution and prolonged infection time, the bodyweight of
mice decreased gradually, and the clinical score gradually
increased. At 24 h and 48 h after infection, some inflam-
matory cells (mainly neutrophils and macrophages) were
observed in the lung. This pneumonia model could help us
study the treatment of CRAB lung infection.

After the successful establishment of the mouse pneu-
monia model, the effects of drug treatment and pathologi-
cal changes of lung tissue were observed. The drug

sensitivity test in vitro showed that PB, TGC, and RIF
had inhibitory effects on A. baumannii, PB and RIF,
MEM, and IMP exerted a synergistic antibacterial effect.
The in vivo experiment showed that the degree of pulmon-
ary inflammation in the treatment group was less than that
in the model group, and the inflammatory cells and exu-
date decreased significantly in the combination group
compared to the corresponding single drug group.

The pulmonary bacterial load in the treatment group
was lower than that in the model group. We found that the
PB and TGC groups and the combined use of the two
drugs could reduce the pulmonary bacterial load, albeit not
significantly. The pulmonary bacterial load in the other
treatment groups was significantly lower than that in the
model group (P<0.05). We also found that the pulmonary
bacterial load of PB combined with MEM and RIF was
significantly lower than that of any of the two drugs
independently (P<0.05). Also, a significant difference
was detected in the pulmonary bacterial load between PB
combined with IMP and PB alone (P<0.05). Combined
with our combined drug sensitivity test in vitro, PB com-
bined with IMP, MEM, and RIF exerted a satisfactory
synergistic effect.

The levels of serum inflammatory factors (IL-1 B, IL-6,
and TNF-a) in the treatment group were significantly
lower than those in the model group (P<0.05). Compared
to the corresponding single drug group, the index of serum
inflammatory factor decreased in the combination group,
but not significantly (P>0.05). Interestingly, the values of
IL-6 and TNF-a in the PB combined with RIF group were
significantly higher than those in the PB and RIF groups.
In addition, a good synergistic effect was observed
between the in vitro combined with drug sensitivity test
and lung colony count test. Some studies demonstrated the
in vitro and in vivo bactericidal activity of RIF against
MDRAB in experimental pneumonia models. In addition,
RIF combined with IMP or SUL is effective in the treat-
ment of experimental pneumonia and meningitis caused by
IMP-resistant A. baumannii. We also found a significant
difference in IL-1 B between PB combined with TGC
group and TGC group. TGC is a new antimicrobial agent
with broad-spectrum antibacterial activity against various
organisms that could penetrate into the lung tissue.’
However, in the combined drug sensitivity test in vitro,
we found that the synergistic effect of PB and TGC was
not distinct, and no statistically significant difference was
observed between the two drugs in reducing the lung
colony count. Therefore, the conclusion of drug sensitivity
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tests in vitro was not consistent with that of animal experi-
ments in vivo.

Nevertheless, the present study has some limitations. First,
the number of strains tested in vitro is small, which dose not
represent the resistance of all CRAB strains to the six anti-
biotics, and there were some limitations in evaluating the
synergistic effect of antimicrobials. Second, all strains were
from the same medical institution and could not represent the
drug resistance of strains from other medical institutions. In
the future, we should expand the number of strains and
include the maximum number of medical institutions so that
our results can be applied to other medical institutions. Third,
the pharmacokinetics of mice and humans are different,
thereby necessitating the investigation of the corresponding
human doses and adverse reactions related to the local admin-
istration in clinical trials. Finally, our pneumonia infection
model could not represent the other types of models, and
the synergistic effects of other animal infection models
(including meningitis and sepsis models) should be explored
further. This would expand the scope of application of the
combination and lay a foundation for its clinical application.

Conclusions

This study provided effective in vitro and in vivo
approaches for the emergency issues, such as pulmonary
infection caused by CRAB. The combination of PB and
IMP, MEM, and RIF exerted a robust in vitro synergistic
effect on CRAB isolates. The combination of PB had
a better effect in the mouse pneumonia model than
a single agent, while the combination of PB and RIF had
the best effect. Our in vitro and in vivo models provided
replicable and comprehensive data for informed optimal
treatment management in patients resistant to carbapenem.
Although additional clinical studies are needed, single
treatment for these infections is not recommended.
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